The weak hydrogen bond in the fluorobenzene-ammonia van der Waals complex: Insights into the effects of electron withdrawing substituents on π versus in-plane bonding J. Chem. Phys. 126, 154319 (2007) We present the results obtained from spectroscopic investigations and quantum chemical calculations of the interaction of anisole ͑methoxybenzene͒ with small water clusters. The experiments have been carried out using resonant two-photon ionization ͑R2PI͒ and IR-UV double-resonance vibrational spectroscopy ͑IR/R2PI͒ in the region of the OH stretches. Apart from the vibrational spectra of the water moiety in the clusters, their intermolecular vibrations in the electronically excited S 1 state are identified by IR/R2PI hole burning spectroscopy and assigned according to the vibrations calculated for the S 1 state and compared with the vibrations calculated for the S 0 state. The calculations for the S 0 state were carried out at the second order Møller-Plesset level of theory using both the 6-31ϩG* and aug-cc-pVDZ basis sets and for the S 1 state at the configuration interaction singles ͑CIS͒ level with the 6-31ϩG* basis set. In the electronic ground state (S 0 ), the interaction of a water monomer to anisole is mediated through its oxygen atom, and that of a water dimer both through the oxygen atom ͑ type of interaction͒ and the arene ring ͑ type of interaction͒. Thus in contrast to the interaction of fluorinated benzenes with water clusters, wherein a conformational transition from an in-plane to a on-top bonding emerges starting with a water trimer, this conformational transition appears in case of anisole already with a water dimer. In the excited state (S 1 ) of the investigated systems, there is a pronounced weakening of the interaction of the water cluster with the aromatic chromophore, which is also responsible for the blue shift of the electronic transitions. Consequently, the structures of the complexes of anisole with a water monomer or dimer are very different in both states. The weakening results from a diminished electron density of the oxygen atom and of the system of anisole in the excited state. The calculated binding energies of the ground-state conformers indicate that these small water clusters are bound more strongly to anisole than to other systems like benzene, toluene, fluorobenzene, and p-difluorobenzene. The many-body decomposition of the binding energy (S 0 ) reveals that a progressive increase in the size of the water clusters results in a weakening of the O¯H interaction and a concurrent strengthening of the -H interaction. The complex containing a cyclic water trimer exhibits in the excited state also a -type H-bonding interaction, but its stability emerges from a delocalization of the electron density from the water trimer to the anisole oxygen. Excepting the water dimer complexes, there is a good agreement between the calculated OH vibrational frequencies and the experimental IR spectra recorded for the ground state. The surprisingly good agreement of the calculated and the experimentally observed intermolecular modes in the excited state of these complexes provides convincing evidence that the experimental spectra emerge from structures similar to those predicted at the CIS/6-31ϩG* level.
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I. INTRODUCTION
There have been extensive theoretical and experimental investigations of weak van der Waals complexes containing systems and solvent molecules in the recent past. [1] [2] [3] [4] Much of the interest in these microsolvated clusters stems from their utility in understanding solute-solvent interactions, hydrogen bonding ͑H-bonding͒ networks with systems, and solvent-enhanced chemical reactivity. 1, 5, 6 Additionally, one can also examine the modulation of the properties of water clusters in widely different environments such as in hydrophobic protein-water interfaces, in enclosed cavities like zeolites, in aerosols, and stratospheric and interstellar ice. vent molecules or from a change of the electronic properties of the solute would be immensely useful in understanding the properties of these systems in the bulk. 10 In this context, a number of groups, including ours, have been active in investigating the interaction of different aromatic systems ͑benzene, toluene, fluorobenzene, p-difluorobenzene͒ with various sizes of water clusters ͕(H 2 O) 1 -4 ͖. [1] [2] [3] [4] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] In particular, our investigations were focused on the structural, energetical, and vibrational changes of these 1:n clusters ͑solute:solvent͒ resulting both from an increase in the size of the interacting water moiety and from the influence of substituents on the system. 11, [17] [18] [19] [20] The modulation of the intermolecular interaction as a result of changes in the -electron density of the ring was examined in great detail. Thus it was observed that the presence of fluorine on the system resulted in a type of interaction of a water monomer or of a dimer with the covalently bonded fluorine and the adjacent CH group. 17, 18 However, in the complexes of a cyclic water trimer with both fluorobenzene and p-difluorobenzene, a type of interaction emerges, which is energetically more favored than the -F type in-plane confomer due to an increased dispersion interaction. 19 In order to extend the scope of these explanations, we thought it would be useful to examine the interaction of different water clusters with a substituted benzene, containing a polar substituent. 11, 20 On a different note, a lot of interest has been evinced in the recent past on the properties of intermolecular complexes in their excited states. 2, [30] [31] [32] [33] [34] [35] These properties include the structure and spectral characteristics of these complexes, which are extremely useful in predicting the mechanism of various reactions involving these systems. However, the theoretical characterization of the structures of these complexes in their excited states is a nontrivial task. As a result, there are very few studies which have detailed the properties of these complexes containing both water and an aromatic system in its excited state. 32, 34, 35 Given the fact that there have been very few theoretical studies detailing the excitedstate properties of neutral water clusters, 36, 37 it is not surprising that the above theoretical investigations are limited to complexes of systems with only one water molecule. 32, 34, 35 Anisole ͑methoxybenzene͒ is an interesting system, because it contains an electronegative oxygen atom as a H-bond acceptor. In addition, it is the simplest analog of the main structural component of a number of macrocyclic hosts. 38 Furthermore, the orientation of its methyl group was found to be important in governing the pharmacological properties of drugs. 39 Although the only difference between anisole and phenol is the exchange of the acidic hydrogen atom by a methyl group, their interaction with water clusters is very different. Unlike phenol, anisole can only behave as a proton acceptor. 40 In case of the interaction of phenol with different sizes of water clusters (nϽ5), it has been shown that the phenolic OH group is exclusively involved in the formation of hydrogen-bonded water clusters, 5, [41] [42] [43] [44] [45] with an increase in the size of the water cluster not leading to the involvement of the arene system in a H-bond interaction. Though there have been some reports of the presence of a type of interaction in some of the conformers of phenol-(H 2 O) 5 complex, they are much higher in energy than the minimum-energy cyclic or booklike structures. 44 Earlier experimental investigations by Barth et al. of clusters consisting of anisole with various water clusters attached, ranging from the monomer to the trimer, revealed in their vibrational spectra in the ground state pronounced differences to those observed in case of other microhydratedsubstituted benzenes. 11 Thus, in the case of the 1:1 complex, a H-bond of water to the oxygen of the methoxy group was deduced, differing from the H-bond interaction observed for benzene and toluene. In the case of the 1:2 cluster a similarly methoxy H-bonded water dimer was tentatively assigned, while in case of the 1:3 complex, a conformational transition was postulated, with a cyclic water trimer H-bonded to the system. Because of these differences, in this study we intend to shed more light on this relative complicated intermolecular binding topology and to analyze the interaction of anisole with various water clusters by carrying out ab initio calculations. The theoretical investigations in the ground state include the elucidation of the geometries, binding energies, and vibrational frequencies of the water moiety of the anisole-(H 2 O) 1 -3 complexes. In case of the 1:2 and 1:3 complexes, we have also delineated the role of each individual water molecule by evaluating the contributions of the n-body terms to the total binding energy.
To the best of our knowledge, neither experimental nor theoretical studies have been carried out on any complex of microhydrated anisole in the excited state. Very recently, the S 1 ←S 0 transition of the anisole monomer has been measured in detail in a molecular beam experiment. 46, 47 Against this background, we thought it would be useful to carry out a detailed theoretical investigation of anisole in the excited state (S 1 ) with various water clusters. Apart from carrying out complete geometry optimizations of these complexes in the excited state, we have also evaluated their vibrational frequencies. The accuracy of our theoretical results has been verified by comparing the intermolecular vibrations, calculated for the S 1 state, with those observed in the S 1 , by means of the R2PI spectra.
II. METHODS

A. Experiment
The experimental setup for the R2PI and IR/R2PI spectroscopies has been described in more detail elsewhere. 12, 13 Briefly, the mixed clusters are produced in a pulsed supersonic expansion with helium as carrier gas. Typical concentrations are 0.01%-1%. The clusters are ionized via onecolor R2PI ͑1C-R2PI͒ utilizing the frequency-doubled output of an excimer pumped, pulsed dye laser. The photoions are mass analyzed in a reflectron time-of-flight mass spectrometer ͑RETOF-MS͒. The amplified ion signal is digitized in a transient recorder ͑LeCroy TR8828C͒ programmed in multiboxcar mode. The mass spectra are typically averaged over 100 laser pulses and further processed in a personal computer.
A R2PI spectrum of a specific ion represents the wavelength dependence of its yield. Due to the resonant step in the two-photon ionization, it thus reflects the UV absorption spectrum of the neutral precursor. A cluster of particular size can be investigated by tuning the UV ionization laser to one of its cluster-specific transitions in its R2PI spectrum. The vibrational spectrum in the OH-stretching region of the neutral precursor may be recorded by IR-UV double-resonance spectroscopy utilizing a tunable IR-optical parametric oscillator ͑OPO͒. The IR laser pulse ͑pump͒ precedes the UV laser pulse ͑probe͒ by about 70 s. In case that a cluster absorbs one or several energy quanta of a high-frequency mode, it predissociates very fast. This IR-induced population depletion corresponds to a dip of the corresponding ion signal. An ion-dip spectrum may be recorded by scanning the IR laser. Such a spectrum represents the vibrational transitions of the neutral precursor in the S 0 . It is henceforth termed the IR/R2PI spectrum.
The IR laser light is generated by a homebuilt, injectionseeded OPO utilizing a LiNbO 3 crystal. Typical energies are about 5 mJ/pulse. Its wavelength may be tuned in the range of 2.5-4.0 m at a bandwidth of 0.2 cm
Ϫ1
. To avoid saturation effects we usually reduce the IR energy to ϳ1.5 mJ/ pulse. The mildly focused IR beam was directed coaxially into the supersonic beam. The beam of the ionizing laser crosses both beams at right angle. Anisole ͑99% purity͒ was purchased from Janssen and used without further purification.
B. Computations
Since there have been no theoretical investigations of the interaction of anisole with water clusters to date, we initially evaluated all possible orientations of anisole interacting with these water clusters. Much of this evaluation was guided by our earlier studies on substituted benzene-water clusters and similar work carried out on phenol-water clusters. All the structures obtained from this evaluation were subject to complete geometry optimizations at the second order Møller-Plesset ͑MP2͒ level of theory using the 6-31ϩG* basis set. 48, 49 All the minimum-energy structures obtained at this level were then optimized at the MP2/aug-cc-pVDZ level. 50 The vibrational frequencies were evaluated at both the MP2/6-31ϩG* and MP2/aug-cc-pVDZ levels. Given the large size of the anisole-water trimer complexes, the vibrational frequencies were only evaluated at the MP2/6-31 ϩG* level. The zero-point vibrational energy ͑ZPVE͒ corrections were carried out at both the MP2/6-31ϩG* and MP2/aug-cc-pVDZ ͑where available͒ levels. All the electrons were explicitly correlated in the MP2 calculations. The basis set superposition error ͑BSSE͒ corrections were carried out using the counterpoise method. 50 We employed a 50% BSSE correction because calculations by us on a large number of complexes containing systems using moderately sized basis sets seemed to indicate that a 100% counterpoise correction often underestimates the binding energies as compared to the experimentally determined values. 4, [15] [16] [17] [18] [19] [20] We have in addition carried out BSSEcorrected optimizations on both the water monomer and dimer complexes at the MP2/6-31ϩG* level to obtain the BSSE-corrected geometries and energies. 51 The use of the larger basis sets or the extension of these BSSE-corrected optimizations to the water trimer complexes is beyond the computational capabilities of most groups in the world.
Given the importance of the magnitudes of the individual two-to n-body terms and their contributions to the total binding energy of these complexes in understanding their conformational preferences, we carried out a detailed decomposition of the binding energy using the scheme described by Xantheas and employed in our earlier studies. 18 -20,52 All the individual two-to n-body energy terms were explicitly corrected for BSSE. Thus, in case of the anisole-water trimer complex, the BSSE correction of the n-body energy terms at the MP2/aug-cc-pVDZ level entails the evaluation of the energies of all possible monomers ͑4͒, dimers ͑6͒, and trimers ͑4͒ at the cluster geometries with the individual basis sets and the full basis set ͑379 basis functions͒. Thus the computational effort involved is quite substantial in calculations involving the aug-cc-pVDZ basis set.
The calculations of the excited states (S 1 ) of these complexes was carried out using the configuration interaction singles ͑CIS͒ method 53 and the 6-31ϩG* basis set.
III. RESULTS AND DISCUSSION
A. Experiment
In our earlier investigation of the OH stretching modes in clusters of type ͑substituted benzene͒-(H 2 O) 1 -4 , we had included a discussion of the experimentally observed IR/ R2PI spectra of anisole-(H 2 O) 1 -3 . 11 Here we will focus on the intermolecular modes in the S 1 state of the clusters. To enhance the lucidity of the present section, the results discussed earlier 11 are utilized for the analysis of the unpublished R2PI spectra, which contain bands from several intermolecular vibrations.
The R2PI spectrum of the ion channel anisole ϩ , recorded to the blue side of the S 1 ←S 0 0 0 0 transition (*) of anisole is depicted in Fig. 1 . It exhibits several sharp absorp- tion bands. Their spectral shifts relative to the 0 0 0 transition of anisole are tabulated in Table I . They are of different origin. The bands 1-5 have been observed with comparable intensities in the fluorescence excitation spectrum of cold, isolated anisole and are consequently assigned to vibrational transitions of the anisole monomer. 54, 55 The other bands can be attributed to transitions of 1:1 and 1:2 clusters, respectively, which lose their solvent molecules quantitatively upon ionization.
AW1
The anisole-water 1:1 cluster ͑termed AW1͒ appears after the ionization both in the anisole ϩ channel ͑90%͒ and the anisole ϩ -water channel ͑10%͒ ͓Figs. 1͑a͒ and 2͑a͔͒. This is evidenced by common bands in both spectra. The water molecule induces a shift of the electronic transitions of the chromophore to higher frequencies. The intense band 6, blueshifted by 118 cm
Ϫ1
, is assigned to the 0 0 0 transition in AW1. This assignment is confirmed by the IR/R2PI ion depletion spectrum, measured at this band and depicted in Fig. 4 ͑up-per trace͒. It contains two sharp OH stretching vibrations. The lower-frequency band at 3591 cm Ϫ1 , corresponding to the symmetric stretching vibration of free water ( 1 ϭ3657 cm Ϫ1 ), 56 exhibits a large redshift of Ϫ66 cm
, which is typical for stretching frequencies of quasi local OH modes, involved in a H-bond ͑Table III͒. For comparison, the shift of the donor OH mode in the water dimer is Ϫ56 cm
. 57 The higher-frequency mode at 3728 cm Ϫ1 , corresponding to the antisymmetric stretch of water ( 3 ϭ3756 cm Ϫ1 ) is shifted by only Ϫ28 cm
. This band may be assigned to a free OH vibrational mode. While in isolated water the intensity of the 1 is much smaller than that of the 3 mode, the equal intensity of both bands is another strong indication of H-bonding. The frequency shift in the stretch of the free OH group is, as will be seen, a secondary effect induced by the hydrogen bond of the donor OH group. From these shifts we earlier proposed a cluster structure, in which the water molecule forms a single hydrogen bond to the oxygen atom of the anisole ͑ O¯H type͒. 11 This assignment is corroborated by the results of the ab initio study discussed below.
Intermolecular vibrational bands of the AW1 cluster in the S 1 appear in the R2PI spectra recorded for both anisole ϩ and anisole ϩ -water ͓Figs. 1͑a͒ and 2͑a͔͒. For example, probing the depletion via band 7 or 8 yields identical IR/R2PI spectra as via band 6 and thus may be traced back to one common precursor. To assign all the R2PI bands pertaining to this cluster and to check for other isomers, an IR/R2PI hole burning spectrum was taken. This has been done by scanning the wavelength of the R2PI laser ͓Fig. 1͑b͔͒ with the wavelength of the IR laser fixed on the OH-donor frequency at 3591 cm
. All bands originating from the AW1 cluster are then strongly reduced in intensity. The difference between the spectra measured with the IR laser off and on, respectively, is shown in Fig. 1͑c͒ . It gives clear evidence that bands 6 -11 can be assigned to only one cluster conformer. Their relative intensities do not change upon variation of the cooling conditions. Band 6 is assigned as the origin band of the 1:1 and bands 7-11 to intermolecular vibrations of the complex in the S 1 state. Their frequencies are summarized in Table II and assigned according to those of the intermolecular modes, calculated for the conformer in the S 1 (CIS/6-31ϩG*) state. The corresponding intermolecular frequencies calculated for the complex in the S 0 state (MP2/6-31ϩG*) are also included for comparison.
For the energy-optimized, calculated structure of AW1, as described below, two low-frequency wagging modes ␤ 1 and ␤ 2 were calculated, with frequencies of 12 and 23 cm Ϫ1 , respectively. Since bands 7 and 9 seem to belong to a progression with the vibrational quantum decreasing from 38 to 35 cm
, we tentatively assign it to the ␤ 2 wag. The fact that no vibration corresponding to the ␤ 1 wag is observed in the spectrum could be due to vanishing Franck-Condon factors. Indeed, its frequency in the S 1 is nearly half that in the S 0 . Band 8 ͑68 cm Ϫ1 ͒ is assigned to the intermolecular torsion ( 1 ) of the methoxy group and is thus similar to the hindered rotation observed for bare anisole ͑gas phase: 81.5 cm Ϫ1 , liquid phase: 77 cm Ϫ1 ͒. 58, 59 Band 10 ͑97 cm Ϫ1 ͒ is assigned to the bending mode (␤ 3 ) of the water molecule, band 11 ͑130 cm
͒ to the intermolecular stretching vibration 1 . . ͑a͒ R2PI spectrum, ͑b͒ IR/R2PI hole burning spectrum. Frequency of the IR laser: 3500 cm Ϫ1 ͑ O¯H donor mode of AW2͒. Probing with the IR frequency of the second donor mode ͑3536 cm Ϫ1 ͒ yields an identical spectrum. ͑c͒ Difference between R2PI and IR/R2PI hole burning spectra.
Since our calculations are based on the harmonic approximation, small deviations between the theoretical and experimental values are inevitable. Thus the calculations should overestimate the frequencies of strong anharmonic vibrations and not consider vibrational coupling. Anharmonic calculations have been exemplarily carried out by Schütz et al. for the phenol-water cluster. 34 They found large anharmonic corrections for the intermolecular wag ␤ 2 and strong anharmonic coupling of this mode with the water torsion 1 . While one could also expect deviations in these intermolecular vibrations due to the choice of theory and BSSE effects, we believe that the degree of overestimation or underestimation would be small. Support for our assumption emerges from the earlier theoretical investigations of the phenol-water clusters, wherein the unscaled frequencies obtained at the HF/6-31G** and CIS/6-31G** levels were employed to assign the intermolecular vibrational frequencies in the S 0 and S 1 states. 35 However, a comparison of the present assignment to the earlier assignment on phenol-water clusters would not be valid because the nature of interaction of phenol with water is very different from that of the interaction of anisole with water. More justification on the calculated structures obtained at various levels of theory is given subsequently.
AW2
Bands 13 and 14 appear both in the R2PI spectrum of anisole ϩ ͓Fig. 1͑a͔͒ and anisole ϩ -water ͓Fig. 2͑a͔͒. They are assigned to an anisole-(water) 2 precursor, which upon ionization loses a single water with a probability of 60% and both water molecules with a 40% probability. Hence, with 1C-R2PI, the cluster fragments quantitatively. This assignment could be confirmed by IR/R2PI spectroscopy. The vibrational spectrum measured at band 13 is shown in the middle trace of Fig. 4 . It is identical to that measured at band 14. From the number of vibrational bands it may be assigned to a 1:2 complex. Due to their spectral positions, bandwidths, and strong intensities, the two IR absorption bands at lower frequency are assigned to two strong OH donor groups ͑Table III͒. In contrast, the two IR bands at higher frequency are nearly unshifted, narrow, and much weaker. They may be assigned to free or only weakly bonded OH groups ͑''dangling bonds''͒. Based on these findings and on spectral comparisons we proposed earlier a structure of the cluster, in which a water dimer is H-bonded to the methoxy group and each water molecule is a donor forming a strong H-bond. The most redshifted band was assigned to the OH group involved in a H bond to the oxygen of anisole, the other redshifted one to the donor OH in the dimer. From this assignment, a cluster structure was proposed similar to that calculated for the 1:2 isomer called AW22, which is depicted in Fig. 5 . According to this qualitative assignment, the dimer would be mainly H-bonded to the chromophore since the H bond would be weaker than the H-bond in the water cluster, as deduced from the rather weak shift of the redshifted ''free'' OH mode.
Vibrational bands 12 and 15-19 in the R2PI spectrum of anisole ϩ -water could either be due to different isomers or intermolecular vibrations. Again, a clear assignment is provided by IR/R2PI hole burning spectroscopy. The spectrum with the IR pump laser fixed at the wavelength of the OHdonor mode ͑3500 cm
Ϫ1
͒ is shown in Fig. 2͑b͒ . An identical hole burning spectrum is observed with the IR laser fixed at the second OH-donor mode. While UV bands 6 -8 originate . Within the error margin the assignment of the vibration with 40 cm Ϫ1 ͑band 15͒ is ambiguous. It could be either a torsion of the phenyl ring around the C-O bond axis ( 1 ) or another wagging mode of the water dimer (␤ 2 ). The calculated frequencies of both modes are 40 and 51 cm Ϫ1 , respectively. The intermolecular torsion of the methoxy group ( 2 ) has a frequency of 76 cm
, which is comparable with a similar mode in the AW1 cluster ͑68 cm Ϫ1 ͒ and the anisole monomer ͑81.5 cm Ϫ1 ͒. 58 The vibration at 91 cm Ϫ1 is assigned to the bending mode ␤ 3 of the water dimer relative to the anisole. The two vibrations with frequencies of 125 cm Ϫ1 and 159 cm Ϫ1 can be assigned to the intermolecular stretching modes 1 and 2 .
AW3
In the 1:0 ϩ and 1:1 ϩ mass channels no discrete transitions of larger fragmenting 1:(nϾ2) clusters could be detected. The intensities in the 1:(nϾ1) ϩ mass channels are extremely low even at expansion conditions favoring the formation of larger clusters. A quantitative fragmentation of higher cluster could not account for that, since then larger fragments should appear. Possible reasons for the missing of larger clusters could be vanishing Franck-Condon factors, a reduction of their lifetime in the S 1 state caused by the water molecules or an unfavorable formation kinetics.
The R2PI spectrum measured for the 1:2 ϩ mass channel is shown in Fig. 3 . It represents a number of narrow absorption bands ͑bands 20-31͒ on a spectrally conjested underground. It was also observed that in the higher-frequency part of this underground the 1:4 complex is ionized nonresonantly. We tentatively assign the discrete bands to one dominant 1:3 cluster species and the most intense band 20 ͑64 cm Ϫ1 ͒ as its vibrational origin. Taking an IR-hole burning spectrum was not possible due to the low intensity of the signal. However, identical IR/R2PI spectra were measured at bands 20 and 24. R2PI bands 21-31 are assigned to intermolecular vibrations of one dominant isomer in the S 1 state. Their frequencies are listed in Table II together with those calculated for the intermolecular modes of the isomer AW32 in the S 1 state, as will be discussed below. There is a surprisingly good correspondence of the calculated and the experimental values.
From the existence of a discrete spectrum on a broad congested underground, the possibility of different species contributing to the 1:2 ion channel and also to the IR/R2PI vibrational spectrum cannot be excluded. The latter, measured with the probe laser fixed to band 20, is presented in Fig. 4 ͑lower trace͒. It contains a dominant series of six bands together with a second series of bands of minor intensity ͑Table III͒. Thus it looks like the superposition of the spectra of at least two different species, each with six vibrational bands, but with different concentrations in the cluster beam. From the fact that six bands are observed for each series, we assign both series to a water trimer. In both series three redshifted donor OH bands and three slightly redshifted free OH bands appear, as typical for a cyclic H-bonded cluster. Therefore both spectra are assigned to isomers with a cyclic water trimer. For the two free OH bands, which are more redshifted, the assumption of a weak H-bond interaction of their OH groups with the chromophore may be assumed. Similarly, we tentatively assign the low-intensity series to a second 1:3 isomer. Its R2PI bands seem to be buried in the congested and noisy underground of Fig. 3 . It should be noted that such a superposition of vibrational spectra of different species is inevitable in case they have overlapping R2PI absorption bands. This often happens in larger clusters when the R2PI spectra get increasingly dense due to an increasing number of intermolecular modes. By shifting the probe laser into the region extending from 150 to 320 cm Ϫ1 ͑Fig. 3͒, where the 1:4 cluster is ionized, additional contributions appear in the IR/R2PI spectrum which are characteristic for 1:4 complexes. As the dominant OH fingerprint spectrum in Fig. 4 resembles that observed for the spectra of other ͑substituted benzene͒-(H 2 O) 3 complexes, which are H bonded to the chromophore, we suggested in the earlier publication a similar structure. 11 The calculated vibrational spectrum of an isomer AW31 ͑solid lines͒, depicted in Fig. 4 ͑lower trace͒, strongly resembles the dominant OH stretches in the experimental spectrum. Its overall conformational structure, shown in Fig. 5 , is similar to that, suggested from interpreting the observed shifts. The theoretical calculations also predict the existence of at least a second isomer ͑AW32͒ exhibiting a vibrational spectrum plotted in Fig. 4 ͑lower trace͒ by dotted lines. Since there is some similarity between this calculated spectrum and the bands at lower intensity, we tentatively assign the low intensity series to this second isomer AW32. Its weaker intensity could be rationalized by a lower number density of this cluster in the beam. This could be rationalized by a reduced stabilization energy of AW32 as compared to AW31, in accordance with the calculated values. The lower density and intensity would also explain why its bands are buried in a noisy underground and why they could not be excited selectively.
According to the results of the calculations, discussed below, these isomers contain a cyclic water trimer which is H-bonded both to the system and the methoxy group of anisole. Other 1:3 isomers could also contribute. According to earlier findings on the binding of a water trimer to other substituted benzenes, 19 two additional isomeric and isoenergetic structures should be possible, which only differ in the ''chirality,'' i.e., in the orientation of the H bonds in the cyclic water trimer. Therefore ''clockwise'' and ''counter clockwise'' versions of the isomers of type AW31 and AW32, respectively, are expected to exist. They should have very similar vibrational spectra. However, apart from a broadening of the ring OH-donor bands no indication for a contribution of these isomers appear in Fig. 4 .
Most of the above assignments were originally made by interpreting the IR spectroscopic fingerprints. However, a detailed analysis of the structures of these clusters, their binding energies, and vibrations, together with an elucidation of the underlying molecular forces afford adequate ab initio calculation, which are presented in the following.
B. Calculations
All the structures of the anisole-(H 2 O) 1 -3 complexes in the S 0 state, obtained after a complete geometry optimization at the MP2/aug-cc-pVDZ level, together with those calculated the S 1 state and obtained after a complete geometry optimization at the CIS/6-31ϩG* level are shown in Fig. 5 .
Since a significant portion of the conclusions in this study are based on the calculated structures, it is important to justify the level of theory employed to obtain them. Calculations carried out in our group on the ground states of several intermolecular complexes exhibiting the -H interaction seem to indicate that the MP2/6-31ϩG* level of theory is able to identify most of the genuine minima. [15] [16] [17] [18] [19] [20] In case of the fluorobenzene-(H 2 O) 1 and p-difluorobenzene-(H 2 O) 1 complexes, the existence of the predicted lowest-energy structures at the MP2/6-31ϩG* level have been subsequently substantiated experimentally. 60 As noted earlier, all the calculations were subject to an initial optimization at the MP2/6-31ϩG* level. Thus, in the case of the anisole- (H 2 O) 1 complex, we carried out these calculations on three different starting structures ͑planar, , ͒. A detailed description of these structures is given in our earlier work on the fluorobenzene-(H 2 O) 1 complex. 17 However, in the course of the optimization at the MP2/6-31ϩG* level, both the planar and structures get transformed to the lowest-energy structure. If C s symmetry is imposed on the planar conformer, we obtain an imaginary frequency of 122 cm Ϫ1 at the MP2/6-31ϩG* level which indicates that the planar conformer is not a minimum. We carried out a geometry optimization of the planar conformer (C 1 symmetry͒ at the MP2/ aug-cc-pVDZ level. This optimization resulted in the isolation of a minimum energy conformer, which is higher in energy than the lowest-energy structure.
In the case of the excited state (S 1 ) calculations, several methodologies have been employed to obtain the excitation energies, oscillator strengths, and vibrational frequencies of both individual molecules and intermolecular complexes. These include the complete active-space ͑CAS͒ methods 61, 62 and the more widely used CIS methods. 53 While most calculations carried out using the CAS methodology have been employed to evaluate the excitation energies and other properties of the excited states, 35, [63] [64] [65] [66] [67] it is interesting to note that most of the assignments of the experimental vibrational frequencies have been carried out using the frequencies calculated at the CIS level. 31,35,64,68 -71 While the CIS methodology has been criticized for its inability to reproduce the experimental excitation energies, 72 it is interesting to reiterate the observations made by Fang in their work on the excited state of the phenol-water complex. 35 There they observe that the intermolecular frequencies predicted for the S 1 state using the CAS self-consistent-field ͑CASSCF͒ method are much higher than the experimental values. However, the CIS-calculated frequencies are close to the observed experimental values even though the CIS calculations underestimate the bond lengths and overestimate the excitation energies. 35 Though it was suggested us to carry out higherlevel calculations on the excited states of anisole, the absence of relevant experimental data implies that such calculations would not add much to the conclusions of the present study.
In Fig. 5 , the ground-state structures are denoted AW1 ͑anisole-water monomer complex͒, AW21 and AW22 ͑anisole-water dimer complexes͒, and AW31 and AW32 ͑anisole-water trimer complexes͒, the corresponding excited state structures are denoted as AWE1, AWE21 and AWE22, and AWE31, respectively. All structures were confirmed to be minima ͑all have positive vibrational frequencies͒ at both the MP2/6-31ϩG* ͑ground state͒ and CIS/6-31ϩG* ͑ex-cited state͒ levels. The AW1 conformer could only be isolated in calculations carried out at the MP2/aug-cc-pVDZ level. Conformers AW21, AW22, AW31, and AW32, differ in the way water hydrogen bonds are linked to each other in the water cluster. We employ the values obtained at the MP2/ aug-cc-pVDZ level in our discussion of the geometries and energies ͑Tables IV-VI͒ of the ground-state conformers of these anisole-water complexes. We, however, use the MP2/6-31ϩG* and CIS/6-31ϩG* numbers in the discussion of the vibrational frequencies of both the conformers in the S 0 and S 1 states, respectively. The energies obtained at the MP2/6-31ϩG* level and the vibrational frequencies obtained at the MP2/aug-cc-pVDZ level are also given in the tables to facilitate the comparison with other related studies.
Geometries and energies
There have been a large number of experimental and theoretical investigations of anisole in the past. 46, 47, 58, 59, [73] [74] [75] [76] [77] [78] [79] [80] Only recently the molecule was studied with rotationally resolved spectroscopy by Eisenhardt et al. 46, 47 All of these investigations concur that the methoxy group and the arene ring lie in the same plane. In a recent theoretical investigation, the barrier height of rotation of the methoxy group along the C-O axis was found to be about 2.99 kcal/mol at the MP2/cc-pVQZ level. 80 This is close to the experimentally predicted barrier height of Ͻ3.1 kcal/mol. 77 Since this large barrier height precludes the presence of the perpendicular conformer of anisole in its ground state, in our calculations of the anisole monomer the methoxy group was assumed to be in the same plane of the arene ring (C s symmetry͒. The dipole moment of anisole in this orientation was found to be 1.32 D at the MP2/aug-cc-pVDZ level.
Since anisole possesses two competing proton accepting sites ͑lone pair of the methoxy oxygen and the electron cloud of the arene ring͒, a single water molecule can either form a O¯H H bond with the methoxy oxygen or a H bond with the arene ring. In a recent theoretical report on the binding of cations to anisole, it was shown that the two binding sites yield complexes of almost equal strength. 81 However, it was found that small-sized cations like Li ϩ preferentially bind to the -electron cloud of the arene ring, but large-sized cations like Cs ϩ show a preference to bind to the methoxy oxygen. 81 Efforts to isolate the H-bonded conformer of the 1:1 complex failed even when we started with orientations exhibiting the -H interaction. Upon geometry optimization the water molecule eventually shifted towards the methoxy group and formed a H bond with the methoxy oxygen. In conformers exhibiting a O¯H H bond, the water molecule can attach itself either in a planar orientation ͑similar to the conformer of the fluorobenzene-water monomer complex͒ or in a perpendicular orientation ͑similar to the conformer of the fluorobenzene-water monomer complex͒. 17 When geometry optimizations are carried out at the MP2/6-31ϩG* level, after imposing a C s symmetry, the conformer is about 0.7 kcal/mol higher in energy than the corresponding conformer ͑AW1͒. However, the calculated vibrational frequencies reveal that this C s symmetric conformer is a transition state ͑imaginary frequency of 122 cm Ϫ1 ͒. When the conformer is optimized without symmetry constraints, it transforms itself into the conformer ͑AW1͒ shown in Fig. 5 . However, when the geometry optimization is carried out at the MP2/aug-cc-pVDZ level, we obtain the AW1 conformer, which is nearly 0.6 kcal/mol higher in energy (⌬E 0 ) than the lowest-energy AW1 structure. Furthermore, it can be noted from Table IV that the correlation contribution (⌬E cor ) is much higher for the AW1 structure than the AW1 conformer. Since it is unlikely that calculations using much larger basis sets would alter the relative energetic ordering of conformers AW1 and AW1 , we believe that conformer AW1 corresponds to the experimen-tally observed anisole-water monomer complex. Therefore, in subsequent discussions of the anisole-water monomer complex, we consider the properties of only conformer AW1. It is, however, of interest to note the structural similarity of conformer AW1 to the higher-energy conformer ͑2͒ described in case of the phenol-water monomer complex. 35 Hence, unlike the fluorobenzene complexes, 17 wherein the water molecule forms a H-bond with the fluorine atom in a planar orientation, the water molecule forms a H-bond with the oxygen atom in a perpendicular orientation. This conformational preference can be attributed to the higherdispersion-energy contribution of the conformer as compared to the conformer in case of the anisole complex. Though the conformer of the fluorobenzene also has a higher-dispersion-energy contribution, the larger exchange and repulsion therein precludes it from being the lowestenergy structure. This is in line with our earlier arguments on the role of repulsive energies in governing the conformational preferences of these -water cluster complexes. 15, 18, 19 In the case of the water dimer complex of anisole, our calculations indicate that the water cluster forms both a O¯H H-bond and H-bond. The major difference between conformer AW21 and AW22 is that the H-bonded water (W 1 ) is a double donor of hydrogen bonds in conformer AW21 and the H-bonded water ͑W2͒ is a double donor in conformer AW22.
It can be seen from Table IV , that the BSSE-and ZPVEcorrected binding energy (⌬E 0 ) of the AW1 complex at the MP2/aug-cc-VDZ level is 3.58 kcal/mol. This value indicates that the anisole-water interaction is nearly as strong as the interaction observed in the water dimer 82, 83 and weaker than the binding of phenol to water. The MP2/aug-cc-pVDZ binding energy (⌬E 0 ) of the lowest-energy conformer of the phenol-water complex, wherein phenol behaves as a proton donor and water as a proton acceptor, is 5.22 kcal/mol. 84 It should, however, be noted that the phenol-water complex, wherein phenol behaves as a proton acceptor, is nearly 3 kcal/mol higher in energy than the lowest-energy conformer. 42 The high binding energy of the AW1 complex is predominantly dominated by electrostatic interactions (⌬E es ϭϪ9.03 kcal/mol), which is also reflected in the geometrical parameters of the AW1 O¯H H-bond shown in Table V . Interestingly, the electrostatic contribution to the total binding energy of the AW1 complex is higher than the corresponding electrostatic contribution observed in case of the fluorobenzene-water monomer complex and lower than the electrostatic contribution observed in case of the phenolwater monomer complex (⌬E es ϭϪ10.86 kcal/mol). 17, 84 On the other hand, the contribution of the electron correlation energy (⌬E cor ϭϪ4.36 kcal/mol) is much higher than that observed in the case of the phenol-water monomer (⌬E cor ϭϪ2.96 kcal/mol) or the fluorobenzene-water monomer (⌬E cor ϭϪ2.45 kcal/mol) complexes and similar to that observed in the benzene-water monomer (⌬E cor ϭϪ4.39 kcal/ mol͒ complex. 17, 84 Based on the contribution of the electron correlation energies, one might conclude that a proper de- '' represent the binding energies without and with BSSE correction respectively. ⌬E e is chosen to represent the mid value of ⌬E e N and ⌬E e B as upper and lower bounds, respectively. ⌬E 0 is the ZPVEcorrected ⌬E e . The frequencies for ZPVE correction were evaluated at the MP2/6-31ϩG* level. Conformers AW21, AW22, AW31, and AW32 differ in the way the ring hydrogen bonds are linked to each other in the water cluster. The electron correlation energy ⌬E cor is the value of the E e (MP2) subtracted by E e (HF) at the MP2 optimized geometry. ⌬E es is the electrostatic ͑charge-charge͒ interaction energy of the water cluster with anisole evaluated using NBO charges. is the dipole moment in debye.
b These values are obtained from a BSSE-corrected geometry optimization carried out at the MP2/6-31ϩG* level. ⌬E e F represents the supermolecular binding energy including BSSE corrections, evaluated at the BSSE-corrected geometry. ⌬E 0 F is the ZPVE-corrected ⌬E e F . The frequencies for the ZPVE correction were evaluated on the BSSE-uncorrected geometries. c Frequencies for ZPVE correction evaluated at the MP2/aug-cc-pVDZ level.
scription of dispersive interactions is essential to obtain reliable estimates of the binding energies of the anisole-water complexes in the S 0 state.
The water dimer complexes exhibit very different conformational features as compared to the corresponding benzene and fluorobenzene complexes. 18 Our calculations indicate that both the AW21 and AW22 conformers are minima ͑all positive vibrational frequencies͒, which is in contrast to the single conformer obtained in case of the fluorobenzenewater dimer complex 18 and the results from spectroscopy as discussed above. Unlike the fluorobenzene complexes, in both these conformers, one of the water molecules of the water dimer has a type of interaction with anisole. Judging from the two-body energies between anisole and W 1 and W 2 , respectively, calculated at the 6-31ϩG* level, the ¯O-type H-bond is substantially stronger in both isomers as compared to the H-bond, although this difference is less pronounced at the aug-cc-pVDZ level ͑Table VI͒. In addition, the R O¯O1 distance is considerably smaller for AW22 than for AW21. An important distinction between the water dimer complexes of anisole and the other systems is in the intermolecular O-O distances of the water dimer. Thus, in contrast to what is observed in the other -water dimer complexes, 18 these distances are much larger than those observed in case of the free water dimer ͑2.911-2.920 Å at the MP2/aug-cc-pVDZ level͒. 82, 83 Since all the electrons were correlated in the present calculations, a comparison with the former estimate ͑2.911 Å͒ is more appropriate than the latter which were obtained from the MP2͑frozen core͒/aug-ccpVDZ calculations. 83 What is, however, more important is that the above data indicate that the water dimer is considerably destabilized in these complexes.
In our discussion of the characteristics of these water dimer complexes, we therefore compare the O¯H type of interaction to the F¯H interaction observed in the fluorobenzene-water dimer complex and the -H interaction to that observed in the toluene or benzene-water dimer complexes. 18 The binding energies (⌬E 0 ) indicate that conformer AW22 is about 0.17 kcal lower in energy than the AW21 conformer at the MP2/6-31ϩG* level. However, at the MP2/aug-cc-pVDZ level the relative energetic ordering changes with the AW21 conformer becoming more favored than the AW22 conformer by about 0.3 kcal/mol. In order to examine the role of BSSE in the energetic ordering of these conformers, we carried out BSSE-corrected geometry optimizations of both the AW21 and AW22 conformers at the MP2/6-31ϩG* level and observed that the AW22 is considerably more favored than AW21 ͑Table IV͒. In any case, our subsequent discussion on the vibrational frequencies and the excited states of both these conformers indicate that a structure similar to the AW22 conformer gives rise to the experimental spectra.
Compared to the other water dimer complexes of the other aromatic systems, the binding of the water dimer to anisole ͑Ϫ6.43/Ϫ6.13 kcal/mol͒ is comparable to its binding to toluene (⌬E 0 ϭϪ6.32 kcal/mol). 18 However the correlation (⌬E cor ) and electrostatic (⌬E es ) energies of the anisolewater dimer complexes are higher than that of the corresponding toluene-water dimer complex. The two-body contributions to the total binding energy, given in Table VI , reveal some interesting facts of the interaction of anisole with the water dimer. In case of the toluene-water dimer complex, the BSSE-corrected two-body interaction energy of the H-bonded water molecule with toluene was found to be Ϫ2.78 kcal/mol, which is slightly higher than that observed in case of conformer AW21 ͑Ϫ2.71 kcal/mol͒ and substantially lower than that observed in case of AW22 ͑Ϫ3.23 kcal/mol͒. On the other hand, the BSSE-corrected two-body interaction energy of the -F H-bonded water molecule in the fluorobenzene-water dimer complex ͑Ϫ2.57 kcal/mol͒ is substantially lower than that observed in the case of the -O H-bonded water interaction with anisole in the conformers AW21 ͑Ϫ3.86 kcal/mol͒ and AW22 ͑Ϫ3.59 kcal/mol͒. While the former observation can be attributed to the increased -electron density in anisole as compared to toluene, 85 the latter can be explained by the fact that a C-F group unlike a C-O group is a very poor acceptor, hardly ever forming hydrogen bonds. 86 The addition of a single water molecule to the water dimer complexes of anisole does not lead to a conformational change, as was observed in the fluorobenzene complexes ͑a -type of interaction emerges in the interaction involving the water trimer͒. 19 Though both conformers AW31 and AW32 are energy minima ͑all positive vibrational frequencies͒ and only differ in the way the hydrogen bonds are linked together, conformer AW31 is lower in energy than conformer AW32. The increased stability of conformer AW31 can be attributed to stronger interaction of the water molecule (W 1 ) oxygen with the anisole, as can be noted from the two-body interaction energies given in Table VI . Given the presence of both a O¯H type of interaction and a -H type of interaction in the anisole-water trimer complexes, the binding energies are slightly higher to that observed in case of the other -water trimer complexes. It is, however, pertinent to note that the ZPVE corrections of the anisole-water trimer complexes (AW31ϭ2.03 kcal/mol) are also higher than those observed in case of the other -water trimer complexes (FW31ϭ1.48 kcal/mol, TW31 ϭ1.35 kcal/mol). Compared to the other -water trimer complexes, the higher binding energies observed in the case of the anisolewater trimer complexes can be attributed to a higher twobody contribution. The nearly similar magnitudes of the three-body contribution preclude its role in the higher stability of the anisole-water trimer complexes. The values of the BSSE-corrected total binding energies ͕AW31 ͑Ϫ20.78 kcal/ mol͒, FW31 ͑Ϫ18.40 kcal/mol͒ ͑Ref. 19͒, TW31 ͑Ϫ18.33 kcal/mol͒ ͑Ref. 19͖͒, total two-body contributions ͕AW31 ͑Ϫ18.72 kcal/mol͒, FW31 ͑Ϫ16.22 kcal/mol͒ ͑Ref. 19͒, TW31 ͑Ϫ15.99 kcal/mol͒ ͑Ref. 19͖͒, and three-body contributions ͕AW31 ͑Ϫ2.85 kcal/mol͒, FW31 ͑Ϫ2.80 kcal/mol͒ ͑Ref. 19͒, TW31 ͑Ϫ3.02 kcal/mol͒ ͑Ref. 19͖͒ evaluated at the MP2/aug-cc-pVDZ level give credence to the above arguments.
We have carried out a comparison of the geometries and energies of these anisole-water cluster complexes with the corresponding water cluster complexes. In case of the isolated water dimer, the BSSE-corrected binding energy at the MP2/aug-cc-pVDZ level is Ϫ4.42 kcal/mol. 52 The BSSEcorrected W 1 -W 2 interaction energies in both the conformers of the anisole-water dimer complexes ͑AW21 and AW22͒ is in the range from Ϫ3.61 to Ϫ3.66 kcal/mol. This together with our earlier observation on the geometrical changes ͑elongation of the intermolecular O-O distance͒ indicates that in the presence of anisole, the interaction between the two water molecules is considerably diminished.
One observes a similar weakening of the interaction between the water molecules in the water trimer complexes of anisole. Thus, in both conformers of the anisole-water trimer complexes, the total BSSE-corrected two-body contribution from the three water molecules is in the range from Ϫ10.72 to Ϫ10.90 kcal/mol ͑MP2/aug-cc-pVDZ͒ which is much smaller than the corresponding BSSE-corrected two-body contribution of three water molecules in the isolated water trimer ͑Ϫ11.80 kcal/mol͒. 52 The addition of a single water molecule to the water trimer to form the water tetramer leads to an increase in the BSSE-corrected three-body contribution ͕Ϫ2.45 kcal/mol ͑water trimer͒, Ϫ6.24 kcal/mol ͑water tetramer͖͒ by about 3.79 kcal/mol. 52 However, the addition of a single anisole molecule to the water trimer complex to form the anisole-water trimer complex leads to an increase in the three-body contribution by only 0.40 kcal/mol. This seems to indicate that unlike what is observed in the water clusters, the presence of anisole has very little influence on the total three-body contribution observed in the anisole-water trimer complexes.
What emerges from the above discussion is that the nature and magnitude of interactions of anisole-(H 2 O) 1 -3 com- plexes are significantly different from those observed in case of the other -water trimer complexes and also from the pure water clusters. In the next section, we examine on how the calculated vibrational spectra differs from those observed in case of the other -water cluster complexes.
Vibrational frequencies
Since one of the aims of this paper was to theoretically investigate structures, whose calculated vibrational frequencies could explain the experimentally observed IR spectra of the anisole-(H 2 O) n clusters, it is important to assess the efficacy of the employed theoretical methods in reproducing the experimental spectra. Since theoretical strategies to account for the anharmonic effects present in the experimental spectra are computationally cumbersome, the calculated harmonic frequencies have to be employed for assigning the experimental frequencies. We would also like to point out that significant deviations in the calculated and experimentally observed frequencies also arise from other factors. These include the choice of basis set employed, the level of theory used to obtain the calculated frequencies, and BSSE effects. Given this background, we therefore employ the strategies developed in our previous studies to aid our assignment. 15, [17] [18] [19] [20] In previous studies of the -water cluster systems, we had shown that the harmonic frequencies calculated at the MP2/6-31ϩG* level give a reasonable description of the experimental spectra. 11, [17] [18] [19] [20] Thus, in the case of the isolated water monomer and its complex with fluorobenzene, the calculated harmonic frequency difference of the two OH stretching modes (⌬ 3-1 ) of 145.6 and 145.5 cm Ϫ1 is in good agreement with the experimental frequency difference of 99 and 100 cm Ϫ1 , respectively. 17 Similarly in case of the water dimer complexes, the experimental trends in the donor OH stretch ͑FW2: Ϫ53 cm Ϫ1 , BW2: Ϫ51 cm Ϫ1 , TW2: Ϫ66 cm Ϫ1 ͒ are well reproduced by the calculated frequencies of this mode ͑FW2: Ϫ60.4 cm Ϫ1 , BW2: Ϫ56.6 cm Ϫ1 , TW2:
17 This agreement also extends to the isolated water trimer and its complexes with different systems.
In case of the AW1 complex, the MP2/6-31ϩG* calculated frequency difference (⌬ 3-1 ) of 167.9 cm Ϫ1 is in reasonable agreement with the experimental frequency difference of 137 cm Ϫ1 ͑Table VII͒. 11 What is more interesting is that the gradual increase in this frequency difference as one proceeds from fluorobenzene to anisole is well replicated by the calculated frequency differences. It is interesting to examine the trends exhibited by the individual frequency shifts. In the IR depletion spectrum of anisole-(H 2 O) 1 the large redshift of Ϫ66 cm Ϫ1 of the OH-donor mode relative to the symmetric stretching vibration ( 1 ) in case of the isolated water monomer is well reproduced by the calculated shift of Ϫ70.2 cm Ϫ1 ͑Fig. 4͒. A pictorial description of all the OH modes of AW31 and AW32 is given in Fig. 6 . Interestingly, the redshift of 1 in the AW1 complex is considerably higher TABLE VII. Calculated vibrational frequencies of the ground (S 0 ) state conformers of the neutral water cluster and anisole-water cluster complexes. than that of the donor OH in the isolated water dimer ͑Ϫ56.0 cm
11 which is also reflected in the larger binding energy of the AW1 complex as compared to the that in the isolated water dimer.
The IR/R2PI spectrum of the water dimer complex of anisole shows substantial differences as compared to the spectra of the other -water dimer complexes ͑Fig. 4͒.
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Thus there are little changes in the positions of the absorption bands of the free OH-stretching vibrations of the water dimer in the anisole-water dimer complex. However, in the donor region two strongly redshifted bands as compared to the isolated water dimer appear at 3536 and 3500 cm Ϫ1 . The calculated frequencies of both the AW21 and AW22 are significantly different as regards the position and origin of the different peaks. Thus in case of the AW21 complex, the mode with the lowest frequency ͑3633.8 cm Ϫ1 ͒ corresponds to the donor -OH stretch in the water dimer ͑3667.3͒. The peak associated with the formation of the hydrogen bond with the anisole methoxy oxygen appears at 3789.3 cm Ϫ1 .
Thus the shift associated with the donor OH to the methoxy oxygen is much lower than that associated with the formation of the water dimer. On the other hand, the donor OH involved in the -OH-bond is also strongly redshifted and lies at 3699.9 cm
Ϫ1
. Given the origin and spectra of the AW2 complex, wherein the redshift associated with the methoxy oxygen is higher than that observed in case of the water dimer, we feel that conformer AW21 does not correspond to the structure giving rise to the experimental peak. On the other hand, the lowest mode ͑3618.1 cm Ϫ1 ͒ in AW22 is associated with the hydrogen bond between the methoxy oxygen and water. The next higher mode ͑3650.2 cm Ϫ1 ͒ is associated with the donor -OH mode of the water dimer. Though the frequency associated with the formation of the H-bond appears at 3817.2 cm Ϫ1 , the relative difference between the experimentally observed free -OH modes in the anisole-water dimer complex is well reproduced by the calculated spectra of conformer AW22. The above discussion is also supported by the fairly good match of the exponentially scaled frequencies of conformer AW22 and the experimental frequencies shown in Fig. 4 . While comparing the -OH redshifts of the AW2 complexes with those of the other -water dimer complexes, it should be noted that the interaction of the two water molecules of the water dimer with anisole is more localized owing to the much larger intermolecular O-O distances. Consequently, a comparison of the redshifts with that of the isolated water monomer is more valid than a comparison with the free water dimer or the other -water dimer complexes. The IR-depletion spectrum of anisole-(H 2 O) 3 cluster and the exponentially scaled spectra of both conformers AW31 and AW32 are displayed in Fig. 4 . 11 In both the conformers the most redshifted bands are the ring OH modes. From the less shifted ''free'' OH modes, the most redshifted one is associated with the formation of a O¯H bond. The mode involved in the formation of a H-bond appears at somewhat higher frequency. Since an adequate description of the redshifts associated with the H-bond requires large basis sets, 14, 17 it is difficult to check the veracity of our assignments using the MP2/6-31ϩG* calculated frequencies. However, since the interaction energies of all the -water trimer complexes have been evaluated at the MP2/aug-ccpVDZ level, we have plotted the experimental frequencies associated with the H-bond with the BSSE-corrected energy of interaction of these systems with the H-bonded water molecule (W 2 ) in Fig. 7 . One can clearly note that the trends in the redshift associated with the formation of the H-bond as one progresses from p-difluorobenzene to anisole is similar to the trends exhibited by the -W 2 interaction energy.
Excited states
Calculations on the excited state of the anisole-(H 2 O) 1 -3 complexes were primarily carried out to assign the experimentally determined intermolecular van der Waals modes. Furthermore, we also wanted to examine if these calculations would provide information on the changes in the structures of these complexes as a result of electronic excitation from the ground (S 0 ) to the first excited (S 1 ) states. To check the reliability of the CIS method in predicting the geometries of the excited (S 1 ) state of anisole, we compare the calculated and experimentally determined rotational constants in Table  VIII . While the agreement between the calculated (MP2/6-31ϩG*) and experimental rotational constants of the S 0 state is very good, 86 the CIS/6-31ϩG* calculation is able to reproduce the decreasing trend observed in case of the rotational constant ͑A͒ in the S 1 state. 46 Since the A-type transitions contribute to more than 96%Ϯ2% of the total intensity of the peaks in the experimental spectrum and the CIS calculations are known to underestimate the C-C bond lengths, we believe that the calculated rotational constants are quite good. Since there is no experimental data on the transition dipole moments of anisole in the excited state, it is difficult to verify the accuracy of the calculated transition The geometry optimizations on the first excited (S 1 ) state of these complexes yielded the structures ͑AWE1, AWE21, AWE22, AWE31͒ shown in Fig. 5 . Except for the AWE31 complex, which exhibits some resemblance to the corresponding ground-state ͑AW31͒ confomer, the excitedstate structures of both the water monomer and dimer complexes are very different from the corresponding groundstate structures. In order to understand these structural changes in the excited state, it is useful to examine the difference density map of the anisole monomer in the ground and first excited states ͑Fig. 8͒.
The difference density map reveals that in the excited state, there is a depletion of charge on the oxygen lone pair and the system of anisole because most of the electronic charge is transferred from the highest occupied molecular orbital ͑HOMO͒ to the lowest unoccupied molecular orbital ͑LUMO͒ (-* transition corresponding to the first excited state͒. Therefore a number of differences in the intermolecular binding capabilities of the anisole monomer in the ground and first excited states can be envisaged, which would significantly influence the structures of these anisole water cluster complexes in the excited state. These include the following.
͑i͒ The -H-bond involving the anisole oxygen and the water hydrogen is significantly weakened. This is in sharp contrast to the enhanced interaction of the phenol hydrogen with the water oxygen in the phenol-water complex. 35 ͑ii͒ The aromatic system of anisole is incapable of binding protons in the excited state because the HOMO is depleted of electrons. Generally the impetus for the binding of proton to a system is through the electron-rich HOMO, which also explains the differential H-bonding capabilities of various substituted benzenes. This is unlike the excited state structures of the phenol-X (XϭH 2 O,NH 3 ) or naphthol-X complexes, 35, 63, 64, 68 wherein no significant structural differences are observed in the ground and excited states. This is because of the fact that the phenyl ring and hence the electrons of phenol are not involved in the interaction with either water or ammonia.
͑iii͒ The aromatic hydrogens of anisole become significantly electropositive and hence can enable them to interact with the electron rich systems like oxygen lone pairs, etc.
Indeed, it can be seen from the structures of the AWE1, AWE21, and AWE22 conformers shown in Fig. 5 that the orientation of both the H-bonded (W 1 ) and H-bonded FIG. 8 . Difference density map of the anisole monomer in the ground (S 0 ) and first excited (S 1 ) states. The darker isosurface is where the electron density is enhanced, and the lighter isosurface is where the electron density is depleted in the excited state. FIG. 9 . Plots of the transition dipole moments ͑arrows͒ of the first excited (S 1 ) states of anisole, AWE1, AWE21, AWE22, and AWE31 complexes calculated at the CIS/6-31ϩG* level.
(W 2 ) water molecules is a consequence of the above electronic effects. The previous arguments, however, do not explain the structure of the AWE31 complex, wherein the water trimer is directly placed over the -electron system of the anisole. The intermolecular distances seem to indicate that the water (W 1 ) hydrogen is placed nearly 2.52 Å away from the anisole oxygen. Furthermore, the H-bonded water (W 2 ) hydrogen is about 2.53 Å away from the centroid. A plot of the transition dipole moments of all these complexes ͑Fig. 9͒ reveals that the case of the anisole, AWE1, AWE21, and AWE22, it is aligned along the plane of anisole. However, in the AWE31 complex, it is elevated. This seems to indicate that the water trimer has a significant influence on the stability of this structure. An examination of the HOMO's of the neutral water trimer and in the conformation observed in the AWE31 complex indicates that there is a significant increase in the electron density of the water hydrogen of the water trimer interacting with the electron depleted anisole oxygen. It therefore seems likely that this favorable interaction ͑resulting from a transfer of charge from the water trimer͒ might explain the unusual stability of the AWE31 complex and also explain the position of the transition dipole moment.
IV. CONCLUSIONS
The results of a detailed experimental and theoretical investigation of the water cluster complexes of anisole in both the ground and first excited states have been presented.
In the ground state, the interaction of the water monomer with anisole is mediated through a H¯O interaction with the anisole oxygen. The addition of a single water molecule to the water monomer complexes results in the emergence of a strong and competitive H-bond interaction. As a result of the strong and interactions of the two water molecules with anisole in the water dimer complexes, the interaction between them is considerably weaker than what is observed in case of the isolated water dimer. This has a profound influence on how the vibrational spectra of the water dimer complexes are interpreted. The water trimer complexes exhibit structures similar to what is observed in case of their complexes with other systems like benzene, fluorobenzene, p-difluorobenzene, and toluene. The calculated binding energies of these complexes indicate that the interaction of the water cluster with anisole is much stronger than what is observed in case of the complexes of the other systems. The binding energy is dominated by both correlation and electrostatic energies. The present study also includes one of the first detailed theoretical investigations of the -water cluster complexes in the excited states. Apart from highlighting the changes resulting in the structures of these complexes upon electronic excitation, the calculated vibrational frequencies have been employed to assign nearly all the experimentally observed intermolecular vibrational modes. In the excited state, an increase in the size of the water cluster interacting with anisole results in a significant stabilization of the water trimer over the depleted -electron cloud of anisole. Based on the changes observed in the position of the transition dipole moment, this stabilization has been attributed to an unusual charge transfer from the water trimer to the electron-depleted anisole.
